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ABSTRACT

This study was undertaken to devrelop a data base on the
detonation properties of PBXN-111 (fo•_merly PBXW-115) and to
improve our understanding of its divergent flow properties. This
data base can be used to test curved wave front detonation
theories and two-dimensional hydrocynamic flow detonation models
wbich take into account the initiation and the growth of
reactions and multiple energy release rates. A high speed streak
camera was used to measure the wavc; front curvature and the
corner turning ability of PBXN-lll. The unreacted Hugoniot was
measured using quartz and multiple in situ manganin stress
gauges. These Hugoniot samples were dynamically loaded by the
impact of projectiles from a light gas gun.
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INTRODUCTION

OVERVIEW

This study was undertaken to develop a data base on the

detonation properties of PBXN-I11 in order to improve the

understanding of its initiation and divergent flow properties.

The detonation wave corner turning, wave curvature, and unreacted

Hugoniot data, along with the previously published data on

detonation velocities and failure diameters, make up a complete

data base on detonation properties of this nonideal explosive.

This detonics data base can be used to calibrate two-dimensional

hydrodynamic flow detonation models which take into account

ignition and growth of reactions and multiple energy release

rates.

METHODS

A high speed streak camera was used to measure wave front
curvature and cnrner t1rning abil ,, O Aoation waves

PBXN-111. In addition, the unreacted Hugoniot was measured using

quartz and multiple in situ inanganin stress gauges. These

Hugoniot samples were dynamically loaded by projectiles from a

light gas gun.

PBXN-111 EXPLOSIVE

PBXN-111 (formerly PB<W-115) is a cast cured explosive with

cyclotrimethylene trinitramine (RDX), ammonium perchlorate (AP),

I
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aluminum (Al) and hydroxy terminated poly butadiene binder

(HTPB). PBXN-111 composition is similar to some propellantsl' 2

except that PBXN-11 contains RDX instead of cyclotetramethylene

tetranitrimine (HMX). The initial density of the PBXN-111 used

in this work was 1.79 g/cm3 . The median particle size of the

RDX was calculated3 to be 60 jm. The nominal sizes for AP and Al

particles were 200 and 5 1.n, respectively. PBXN-111 cylinders

have failure diameters of a few centimeters and very curved wave

fronts.4

DETONATION WAVE CURVATURE AND REACTION ZONE LENGTHS

Detonation waves in nonideal composite explosives have

curved wave fronts (see Figure 1). This curvature results from

the reacting explosive having a finite size, a varying energy

release rate, and hydrodynamic flow. Wave cuurvaurt ddta art

used to test curved front detonation theories,, Detonation

velocity and wave frcnt curvature data of PBX11-lll were used to

calculate reaction zone lengths from the Wood-Kirkwood theory. 5

The calculated reaction zone lengths are a few millimeters. These

zone lengths are consistent with previously published

calculations on ammonium perchlorate6 and two plastic-bonded

2,4,6-trinitro-l,3,5-benzene-triamine (TATB) explosives.7 '

Recent improvements in the time resolution of reaction zone

length measurements 8 Lave provided data accurate enough to

distinguish between various analytical curved wave front

theories. D. Price9 has pointed out that zone length is

calculated well by the Wood-Kirkwood curved front theory.

2
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CORNER TURNXNG

The ability of a detonation wave to turn a corner is a

complicated function of wave shape, stress, and initiation of the

explosive not normal (i.e., lateral) to the shock front. Corner

turning experiments on TATB compositions using flash X-ray

techniques have shown that substantial amounts of material at

corners go unreacted.1 0,11 Experiments using streak photography

have also shown substantial unreacLed TATB 12 at corners. In

common with other explosives, 13, 14, 15 the detonation wave in PBXN-

ill does not follow a simple spherical expansion process from the

corner. The understanding of how a detonation wave turns a

corner is of great practical importance to insure proper

performance of many explosive devices. At present, the

propagation of detonation waves turning through angles must be

weasured experimentally for every geometry of interest to insure

proper performance. However, fewer confirmation-type experiments

on PBXN-111 will be required in the future because modeling

accuracy will improve due to the data published here.

UNREACTED BUGONIOT

'Pho dot-prmi nntintn tif' czt-At1-pýc i nriinpHr in PYnml tiiVP.' liV

shock compression, when reaction doez not occur, requires an

unreacted Hugoniot. The unreacted iIugoniot is alsc used to

determine if reactions occur in shocked explosives. Exothermic

reactions have occurred when stresses greater than predicted by

the unreacted Hugoniot are observed. One-dimensional strain

light gas gun experiments were used in this study to determine

the unreacted Hugoniot of PBXN-Il1.

4
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DETONATION WAVE ARRIVAL AT END OF CHARGE

A L..treak camera was used to record the detonation wave

arrival at the ends of confined and unconfined cylindrical PBXN-

Il charges. The experimental setup used to obtain these

breakout data is shown in Figure 2. Aluminized Mylar or Teflon

tape was glued to the end of the charge as a light reflector.

Two of the experiments had lines drawn on the Teflon tape at

accurately known distances from the charge edges. These lines

appeared on the streak record and confirmed, within experimental

error, that the records terminated right at the charges edge.

The camera and exploding wire light source were positioned such

that the alignment and/or reflectivity was destroyed when the

shock arrived at the reflecting material. This greatly reduced

the amount of light reaching the film.

Streak camera breakout records (i.e., time versus position

across the charge diameter) were obtained on five different

305 mm long unconfined charges with diameters of 41, 48, and 68

mim. These streaK catera film records show that the detonation

waves arrived at the center about 1 gs before arriving at the

edges. These results clearly show that the detonation waves had

curved wave fronts. As would be expected, the larger diameter

charges had less wave front curvature than the smaller diameter

charges. Appendix A gives the breakout position versus time data

for these experiments.

Wave arrival experiments were also conducted on the bare

ends of 305 mm long brass confined charges with diameters of 68

and 48 mm. The 48 mm diameter cylndrical charge had a 17 mm

5
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thick brass case while the 68 mm diameter charge had a 7 mm thick

brass case. In both experiments the time of arrival of the

detonation wave was earlier tnan for an unconfined charge of the

same diameter. The wave arrival results for the brass confined

charges are given in Figure 3 and Appendix A.

7
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DETONATXON WAVE CURVATURE RESULTS FOR UNCONFINED CHARGES

Wave arrival distance-time data and detonation velocities

are required to determine the wave front shape inside an

explosive charge. The detonation velocity in the PBXN-111

charges was assumed to be steady. This assumption appears

justifiable since the measured velocities were constant within

experimental error over the last 30-40 mm of propagation

distance. Wave front curvature measurements 6 on porous RDX and

Tetryl explosives, have shown that the length to diameter ratios

of these materials need to be greater than five before constant

curvature can be attained. It is possible that the wave

curvature in the PBXN-1ll experiments would be slightly different

than measured in this study if the detonation waves propagated

for longer distances.

In the following discussion, the Z axis (wave propagation

axis) is taken to be along the axis of the cylindrical charge and

the X axis is taken to be along a charge diameter (see Figure 2).

For any X value, the 7 p 4i-J1b1v. of th T--t- front at th~e in-tant

the wave breaks out at the center is obtained from

Z=D*(To-Tx)
(1)

where Tx is the breakout time at the position X, To is the time

the wave breaks out at the center, and D is the steady detonation

velocity.

9
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The values of D used in Equation (1) were obtained from the

following equation.

D = 6.195 rmn,'ýisec (I -6.87

(2)

where d is the charge diameter in mm. This expression was

obtained by least squares fitting all the measured detonation

velocities.4

Wave front shape data for each experiment were least squares

fitted to circles of the form

(X -a)2 - (Z - O')7 = R2

(3)

where R is the radius of curvature and the point (X=a, Z=b) is

the center of the circle. It should be noted that the value of

"a" will be zero if the position of the Z axis is chosen exactly

at the center of the wave front. The inclusion of "all in the fit

means that the positicn of the Z axis is determined by the fit,

i.e., the wave was not always centered on the axis. The

magnitude of "a" ranged ftom 0 to 2 mm.

The wave fronts were not spherical over the entire diameter

of the cylindrical PBXN-111 charges. This was particularly true

near the edges of the cylinders. As a result, the best fit for

the radius depended on how much of the data across the diameter

of the charge was used. In this work the data were fit over the

center 50 percent of the charge diameter. Figure 4 shows a

10
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typical fit of curvature data for a 48.12 mm diameter charge. The

raw data from all the record readings of wave curvature are given

in Appendix A.

The spherical radii of curvature for the unconfined breakout

experiments, are given in Table 1. The spherical radii of the

41.05, 48.02, and 68.25 mm diameter charges are improved values

over those previously published.' The results show that wave

curvature increases with charge diameter (see Figure 5). This is

consistent with the findings of Campbell, et al. 7 Table 1 also

gives the angles that the detonation waves make with the edges of

the charges (see Figure 2). The wave front appeared linear

(i.e., not curved) over the last 3 mm at the charge edges. The

estimates of error are made in Appendix B.

12
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WOOD-KIRKWOOD REACTION ZONE LENGTH

Calculations of the detonation zone length in PBXN-11 were

performed for the five unconfined charges of different diameters

for which wave curvatures were measured. These calculations were

based on the Wood-Kirkwood curved detonation front theory. 5 The

expression defining zone length from this theory is

D° - D C * L_

Do R
(4)

where D is the measured detonation velocity, Do is the infinite

diameter detonation velocity, Lci is the reaction zone length at

the center of the charge, C is a constant dependent on the

equation of state of the material and R is the spherical radius

of curvature of the wave front. A recent review9 of selected

measurements and calculations of detonation zone lengths

indicates that the Wood-Kirkwood theory predicts the correct

order or magnitude. Even co, this theory does not adequately

explain all of the nonideal hydrodynamic behavior. However, it

does provide a recognizable starting point for discussing some

implications of the present data.

Wood and Kirkwood 5 used the properties of a liquid explosive

to calculate a value of 3.5 for C. This value for C was used for

calculating CJ for PBXN-IIl. Table 1 gives charge diameters,
radii of curvature of the detonation waves and calculated

detonation zone lengths. Table 1 shows that the detonation zone

15
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lengths are related to the diameter of the charges. The large

scatter in this limited data set is to be expected because of

experimental uncertainty in determining R. The detonation zone

length for a charge at its failure diameter is 2.3 mm. This

zone length was calculated using Equations (2), (4), and a wave

front radius of 45 mm. This wave front radius was obtained by

extropolating the wave front radius versus charge diameter data

in Figure 5 to the 38 mm failure diameter. 4

16
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CORNER TURNING

Five corner turning experiments have been performed on

PBXN-l1l. Figure 6(A)-6(D) are schematics of experimental

setups. The acceptor charges were the shape of solid bowls. The

curved surface of the PBXN-1l1 bowl was machined with a spherical

radius of 50.8 mm measured from a centered circle of 50.8 mm on

the flat part of the PBXN-111 bowl where the booster charge will

be in contact with the bowl. The bowl-shaped charge was boosted

by a 50.8 mm diameter, 152.5 mm long cylinder of PBXN-I1I or cast

Comp B.

The arrival of the detonation (or shock wave) was observed

on the curved surface and bottom of the bowl by a streak camera

recording light reflected from an attached Teflon tape. Thin

dark lines were placed on the Teflon tape perpendicular to the

camera slit to place accurate markers on the film for specific

angles, e. The amount of light being reflected changed

significantly when the shock wave entered the Teflon tape. The

detonation wave in the PBXN-13. bowl would breakout

simultaneously along the curved surface and the flat bottom if a

flat-front shock wave initiated the PBXN-111 bowl charge without

any delay and the detonation wave expanded spherically from the

corner. The resulting streak camera film record would be a

vertical line as depicted by the dashed line in Figure 7. A

curved line on the film record would be expected for a detonation

wave that turns the corner after some time delay (nonideal corner
turning) or if it does not expand spherically from the corner.

Figure 8(A) is the streak record for the corner turning

experiment using an unconfined PBXN-11 cylindrical booster

17
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REFERENCE MARKS
30',450, 600

WIRE LIGHT
S~SOURCE

SIMAGETEFLON

WHITE PAINT TAPE

(A) ISOMETRIC VIEW OF UNCONFINED BOWL WITH AN UNCONFINED CYLINDRICAL
BOOSTER

I " / PBXN-111

PENTOLITE PBXN-11 OR CCMP B 5. mm
P.W.B. CYLINDRICAL BOOSTER 50.8 mm

(50.8 mm DIA., (50.8 mm DIA.,
50.8 mm LONG) 152.5 mm LONG) ----WOOD BAFFLE

(B) SIDE VIEW OF UNCONFINED BOWL WITH AN UNCONFINED CYLINDRICAL
BOOSTER

FIGURE 6. DETONATION WAVE CORNER TURNING EXPERIMENTAL ARRANGEMENTS

18
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BRASS
CASING

(17mm THICK)

RP 80

PBXN-111

•?----50.8 mmiI

PENTOUTE PBXN-111 I
P.W.B. BOOSTER 50.8 mm

(50.8 mm DIA., (50.8 mm DIA.,
50.8 mm LONG) 152.5 mm LONG) -WOOD BAFFLE

(C) SIDE VIEW OF UNCONFINED BOWL WITH BRASS CONFINED CYLINDRICAL
BOOSTER

STEEL
02cmthick)

RP 80

31,7cm tik

XPBXN-111

-- 0S08 mm

PENTOLITE COMP B
P.W.B. BOOSTER

(50.8 mm DIA., (50.8 mm DIA.,
50.8 mm LONG) 152.5 mm LONG) - -WOOD BAFFLE

MD) SIDE VIEW OF BOWL WITH TOP CONFINED BY STEEL PLATE AND A COMP B
CYLINDRICAL BOOSTER

FIGURE 6. (CONTINUED)

19



NSWCDDfTR-92/164

au CU w
14 0 1

7,~g x.

1 zW

mu

0. .w

X00

. IN.

U. z

0 20



NSWCDD/TR-92/164

OA

ui

0~
E ~ou

z

ca

CL

Lu

aC-)
cc

0

Li

21



NSWCDD/TR-92/164

(Figure 6(B)). The detonation wave arrived at the flat bottom a

few microseconds before it arrived at the curved surface. The

sllt of the streak camera covered more of the charge than was

covered with Teflon tape. This allowed recording of the wave

arrival beyond the bottom center of the charge, where the tape

ended, because a luminous air shock was created at the surface

when the wave arrived. This air shock provided adequate light

for the camera.

Figure 8(B) is the streak record of the experiment using the

brass confined PBXN-1ll booster (Figure 6(C)). Figure 8(C) is

the record for the unconfined Comp B booster. Figure 8(D) is the

record for the experiment with a steel plate on top of the bowl

charge (Figure 6(D)).

Table 2 gives the times of wave arrival as a function of

angle 6 for all experiments. Note that the angle 0 is measured

from a reference line which is along the booster's surface and

parallel to its cylindrical axis (see Figure 6). The wave

arrived at the same locations on the curved surface of the bowl a

few microseconds sooner for the confined PBXN-111 booster

arrangement than for the unconfined PBXN-111 booster arrangement.

Most of tne differences in arrival times can be attributed to the

flatter wave front (i.e., a larger radius of curvature) in the

confined bociter. The experiments using a Comp B booster turned

the corner better than the experiments with a PBXN-111 booster.

Again, this -.may, be explained by the flatter wave front in the

Coý, p B ho:ter. The best corner turning occurred with a

c.1 .rl.cal Conp B booster and the bowl top confined by a 1.2.7 mm

thizk steel plate, as shown in Figure 6(D). Time of arrival

profiles for detonation waves at the ends of various cylindrical

boosters like those depicted in Figures 6(A)-6(D) are given in

Figure 9. 'he cast Comp B cylindrical booster charges had
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TABLE 2. TIMES OF ARRIVAL FOR CORNER TURNING EXPERIMENTS*

ANGLE 0
(deg)

0 29 30 39 45 49 60 65

TIME ARRIVAL**
(MICROSEC) .. . . . _

A. Unconfined Bowl 0.7 3.5 5.5 7.4
with an Unconfined
PBXN-111
Cylindrical
Booster

B. Unconfined Bowl 0.6 2.4 3.1 3.6 4.0 5.0
with a Brass
Confined
Cylindrical
PBXN-1I1 Booster _ _

C. Unconfined Bowl 0.8 2.0 2.8 3.8 4.3
with an Unconfined
Cylindrical 0.6 2.2 3.1 4.2 4.7
Comb B Booster

D. Top of Bowl 0.7 1.9 2.3 2.7 2.8
Confined by 1.27 cm
Thick Steel Plate
with Cylindrical
Unconfined Comb B

LBooster__ Ii
*Zero time is when wave arrives at center of bowl
**The error in time of arrival is + 0.019 As for one average

deviation others are from in situ multiple manganin gauges.
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initial densities of 1.67 ± 0.005 g/cm3 and a constant detonation

velocity of 7.86 ± 0.06 mm/gs.
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UNREACTED HUGONIOT

Flat discs of PBXN-111 were shocked by the impact of 6061-T6

projectiles from a light gas gun. The induced stress was

measured using either quartz stress gauges on the back surface of

samples or in situ manganin stress gauges. Figure 10A and lOB

give schematics of the experimental arrangements. Table 3 and

Figure 11 give the results from these experiments. The unreacted

]iugoniot for stresses up to 42 kbar can be expressed as

U,= 2.117 ± 0.034 JnynIts + (2.758 ± 0.081) u.
(15)

for an initial density of 1.79 g/cm3 .

In all experiments, shock transit times, stress profiles and

projectile velocities were measured. For the Teflon encapsulated

manganin gauge experiments, the transit times through the Teflon

layers were taken into account. Impedance matching was used to

obtain particle velocities from the shock and projectile velocity

data; the Hugoniots of Teflon 16 and 6061-T6 aluminum1 7 were used.

The in situ manganin gauges showed only a very slight increase in

stress as a function of time for these experiments, which

indicates that these were unreacted Hugoniot data.

The experiments at 39 and 42 kbar had an early step in the

stress and then a second step increase followed by a rise in

stress as a function of time. These records show that some low

28
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TABLE 3. UNREACTED HUGONIOT OF PBXN-111

CALCULATED 6061-T6
SHOCK PARTICLE PZAK PROJECTILE

VELOCITY VELOCITY STRESS VELOCITY
(mm/Ms) (mm/Is) (kbar) (mm/jss)

3.788 0.615 42.0 0.8852

3.763 0.592 39.7 0.8512

3.653 0.591 39.6 0.8512

3.505 0.497 31.0 0.6985

3.479 0.488 30.2 0.6985

3.355 0.432 25.6 0.5990

3.371 0.420 24.6 0.5990

2.900 0.296 15.5 0.3936

2.741* 0.226 )].1 0.2947

2.702 0.186 8.8 0.2409

2.558 0.179 8.4 0.2409

2.469* 0.149 6.7 0.1886
*Quartz gauges were used on these experiments while all others
are from in situ multiple manganin gauges.
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level reaction was likely occurring. The shock velocity data

from the first step in stress were used to obtain the unreacted

Hugoniot for these two experiments reported in Table 3.

Figure 11 shows the data measured in this work along with wedge

test results. 18 Based on our manganin gauge results, the wedge

test data above 30 kbar will be influenced by reaction.

MODIFIED GAS TEST RESULTS

Low level reactions in PBXN-ill for the stresses between

24 and 48 kbar have been found in the modified gap test (MGT).19

A free-surface velocity was measured in each MGT experiment for

each input peak stress. At 24 kbar, an increase in free-surface

velocity occurred relative to the inert velocity. The free-

surface velocity increased slightly for increased input stresses

from 24 to 48 kbar. These MGT results are consistent with and

support the gas gun results for the 39 and 42 kbar input stresses

discussed earlier.

32



NSWCDD/TR-92/164

DISCUSSION AND SUMMARY OF RESULTS

OVERVIEW

This study was undertaken to develop a data base on the
detonation properties of PBXN-l1l (formerly PBXW-115) and to
improve our understanding of its divergent flow properties. This
data base can be used to test curved wave front detonation
theories and two-dimensional hydrodynamic flow detonation models
which take into account the initiation and the growth of
reactions and multiple energy release rates. A high speed streak
camera was used to measure wave front curvature and the corner
turning ability of PBXN-Ill. The unreacted Hugoniot was measured
using quartz and multiple in situ manganin stress gauges. These
Hugoniot samples were dynamically loaded by the impact of a
projectile from a light gas gun.

CORNER TURNING

PBXN-111 corner turning experiments were performed on bowl-
shaped charges with smaller diameter cylindrical booster charges
centered on the flat top of the bowl. The symmetrical geometry
and charge sizes were the same for all experiments. Experiments
were performed on unconfined PBXN-111 charges that were initiated
by cylindrical PBXN-111 boosters. These showed that a detonation
wave in PBXN-III, that turns through angles from 0 to 65 degrees,
arrived 3.5 to 7.4 ps later at the curved surface, 5.1 cm away,
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than the wave that did not turn but traveled a direct path of an

equivalent distance of 5.1 cm. A stronger Comp B booster, with

less wave front curvature, gave times of arrival differences of

2 to 4.7 As. The largest effect was found when the flat top of

the PBXN-111 bowl had a steel plate against it (see

Figure 6(D)). The differences in time of arrival for the wave

front turning through 0 to 65 degrees, and the arrival time for

the wave front with the direct (i. e., non-turning) path, were

between 1.9 to 2.8 gs.

DETONATION WAVE CURVATURE AND REACTION ZONE LENGTHS

The detonation waves' spherical curvatures for PBXN-lIl,

over the center 50 rpn1- of the charges; ranged from 54 to

143 mm for charge diameters of 41 to 68 mm. The curvature did

not remain spherical near the edges of the charges. Note also

that the wave fronts appear linear over about the last 3 mm at

the charges' edges. The angle between the detonation wave front

and the edge of the charge was about 62 degrees over this last 3

mm for all the charges. Detonation velocity and wave front

curvature data of PBXN-111 were used to calculate reaction zone

lengths of 2-4 mm using the Wood-Kirkwood theory.5 The calculated

detonation zone length of the 38 mm failure diameter is 2.3 mm.

These zone lengths are consistent with previously published

calculations on ammonium perchlorate6 and two plastic-bonded TATB

explosives 7,8

ACCURACY OF VARIOUS MODELS

D. Price9 has pointed out that zone length is calculated

well by the Wood-Kirkwood curved front theory. The reason for
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these accurate predictions is not obvious since this theory
treats the flow and its divergence only along the center line of
the charge. More recent curved front theories2 '2 1 '2 2 treat the

flow away from the center line which is a more correct approach.

The accuracies of these recent theories are unknown at present
because of insufficient data to test them. The application of
this PBXN-111 detonation properties data base to these new

theories is the subject of future work.

The accuracy of modeling detonation properties will improve
if further theoretical and experimental research are done; this
research will determine the constitutive relation (i.e., time
dependent equation of state) of reacted and/or reacting products

of composite explosives. The energy release rates of
constituents in heterogeneous explosives are a function of

particle size. 23 The particle size dependence of reaction rates
needs to be part of any theoretical treatment of the constitutive

relation. In addition, energy release and/or chemical reactions
are likely to occur beyond the sonic CJ plane (the point in the

flow where the sum of the particle velocity and the sound
velocity equals the detonation velocity), and well into the

product expansion wave in aluminized explosives. A number of
studies on heterogeneous explosives strongly support the idea

that eneryy is released beyond the sonic CJ plane. 24,2-,26

Moreover, conductivity studies 27 ,28 of PBXN-1l1 show that
conduction occurs long past the sonic CJ plane, which is
consistent with late-time energy release and/or chemistry. The

time-dependent equation resulting from the theoretical work will

need to be calibrated by experimental data of explosive products
expansion. A products expansion experiment can be suggested;
stress gauges would be placed close to underwater explosive
charges, and the stress arid flow characteristics would be
recorded for the necessary long times after the detonation.
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Two-dimensional codes using phenomenological initiation

models give reasonable predictions of detonation properties 29' 30,31

as expected. The detonation velocity as a function of charge

diameter is required to determine the reaction rate model

parameters for initiation in the CPEX code22, 30 ,31 calculations.

Reactive stress profiles of PBXN-111 at input stresses above

35 kbar are needed to determine the parameters for

phenurienological ignition and growth models, such as the Lee-

Tarver model. 32 Reactive profiles of PBXN-111 for one-

dimensional strain experiments, as described in the Hugoniot

section, are currently being done by the authors. Therefore,

reasonably accurate phenomenlogical modeling of PBXN-111 will be

available soon.

RICLE IZ, SHAPE, AND QUALITY .......

Phenomenological initiation models are not detailed enough

to predict the large differences in detonation properties that

result from the different initial physical states of the

ingredients. Shock sensitivity has been shown to be a function

of crystal size, 33,34 shape, 35 and quality. 36 Akimova 3T has also

observed that the addition of small particle size aluminum to

cast TNT compositions decreases the failure diameter.

Anderson 38,39 has found that the failure diameter of PBXN-111

varies significantly with different particle sizes of RDX. The

failure diameter of unconfined Australian30 PBXN-111 is twice

(80 mm versn:: 38 Tm) that of PBXN-111 made in the United States. 4

This is a dcamatic result! The particle sizes of the ingredients

for U. S. a•& Australian charges are about the same. This large

difference in failure diameters is likely due to the types and

densities cf dcefects in the RDX, which strongly affect the

initiation properties of the explosive. RDX used in Australian
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PBXN-111 samples is HMX-free while US-made RDX typically has

about 10 percent HMX. The presence of HMX is known4 0 to be

associated with a large number of defects in RDX.

The development of initiation models that take the physical

state (i.e., size, shape, quality) of initial ingredients into

account is suggested for future work. This will provide a

predictive capability for hydrodynamic modeling of the detonation

process.

SUMMARY

The major findings of this work are as follows: (1) PBXN-111

has large detonation wave front curvature with spherical radii

ranging from 54 to 143 mm for charge diameters from 41 to 68 mm;
(2) these curvature data imply that the sonic reaction zone

length ranges from 2.6 to 4.1 mm according to Wood-Kirkwood
curved-front theory; (3) the detonation wave fronts intersect the

edges of the charges at angles of about 62 degrees; (4)

detonation waves turning corners are delayed by a few
microseconds and do not follow a simple spherical expansion

process at the corners; (5) the unreacted Hugoniot was measured

for stresses up to 40 kbar, however, evidence from the 7nultinle

stress gauge records indicates that significant low level

reactions exists at 30 kbar; and (6) experimental and theoretical
work on initiation models, that account for the initial physical

state of explosive ingredients and the time-dependence of the

explosive product expansion, are required before predictive

modeling of detonation properties can be achieved.
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APPENDIX A

BREAKOUT POSITION VERSUS TIME DATA

The following tables contain the original breakout data
generated in this study (Tables A-I through A-26). The (t,X)

data are the original data as read from the photographic records

after converting to distance and time using the camera speed and
optical magnification. The zero time and zero position are
arbitrary. All other points are relative to this arbitrarily

selected point. The (t,X) data can be converted to (Z,X) data
for charges for which a steady detonation velocity is known. The

photographic records were not always read with the same

orientation. A standard orientation of the films in the reader
was selected (see Figures A-1 to A-5). The top of the film in
the reader with this standard film orientation is indicated in

the tables by putting the word top at the beginning of the data.
The few records that were read in an inverted orientation, as
coyupared tu the stdfldard orientation, start the data tables with

the word bottom. Knowing the orientation of the film in the

reader was important only for the averaging of the multiple

readings of a record for the angle the detonation wave makes with
the edge of the charge. The least squares fit of the wave

curvature data to a circle as described in the text was not

affected by the films orientation in the reader. The cast Comp B

cylindrical charges of Tables A-23 to A-26 had initial densities
of 1.67 ± 0.005 g/cm3 and constant detonation velocities of 7.86

± 0.06 mm/As.
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TABLE A-i. TRIM VS. BREAKOUT POSITION DATA, SHOT E701, READING A FOR
40.90 mm DIA. UNCONFINED PBXN- 111

Time ((s) X (mm) Time (ps) X (mm) Time (us) X (mm)

Top -0.303733 3.004639 -0.820939 29.032660
-0.000000 0.000000 -0.339551 3.461271 -0.755035 30.859190
-0.011462 0.082194 -0.421215 4.374535 -0.673370 32.685720
-0.018625 0.173520 -0.481388 51187800 -0.563052 34.512250
--0.022923 0.264846 -0.596005 7.114327 -0.441273 36.338780
-0.035818 0.356173 -0.694861 8.940855 -0,289406 38.165310
-0.041548 0.447500 -0.769362 10.767380 -0.196280 39.078570
-0.C53010 0.538826 -0.830968 12.593910 -0.147568 39.535198
-0.058741 0.630152 -0.879680 14.420440 -0.094558 39.991840
-0.075933 0.721479 -0.912632 16.246970 -0.070202 40.174490
-0.093126 0.904132 -0.932690 18.073490 -0.061606 40,265820
-0.114616 1.066784 -0.939853 19.900020 -0.057308 40.357140
-0.130376 1.178111 -0.942719 21.726550 -0.045847 40.448470
-0.179088 1.634743 -0.928392 23.553080 -0.031519 40.539799
-0.224934 2.091375 -0.905468 25.379610 Bottom
-0.266483 2.548007 -0.866785 27.206140
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TABLE A-2. TlIME VS. BREAKOUT POSITION DATA, SHOT E701, READING B FOR
40.90 mm DIA. UNCONFINED PBXN-111

Time (Ps) X (mM) Time Cs) X (mm) Time (4s) X (mm)

Top -0.581979 6.503561 -0.334818 37.280980
-0.000.000 0.000000 -0.629400 7.419559 -0.257220 38.196970
-0.011496 0.091602 -0.675384 8.335553 -0.237103 38.380170
-0.035925 0.183203 -0.754418 10.167540 -0,224170 38.563360
-0.047421 0.274800 -0.817645 11.999530 -0.201178 38.746570
-0A053168 0.366402 -0.869377 13.831520 -0.186808 38.929770
-0.061790 0.457999 -0.903864 15.663510 -0.166690 39.112970
-0.071849 0.549601 -0.921108 17.495501 -0.148009 39.296160
-0.086219 0.641198 -0.938352 19.327480 -0.122144 39.479360
-0.097715 0.732799 -0.934041 20.243480 -0.100589 39.662560
-0.103463 0.824396 -0.929730 21.159470 -0.086219 39.754160
-0.120707 0.915993 -0.923982 22.075470 -0.080471 39.845760
-0.126455 1.007595 -0.925419 22.991460 -0.074793 39.937360
-0.150884 1.190794 -0.911049 23.907460 -0.0!3168 40.028960
-0.171001 1.373993 -0.900991 24.823450 -0.054605 40.120560
-0.191119 1.557191 -0.882310 25.739450 -0.040235 40.212160
-0.214111 1.740390 -0.663629 26.655440 -0.030177 40.303750
-0.232792 1.923589 -0.810460 28.487430 -0.033051 40.395360
-0.316137 2.839587 -0.741485 30.319420 -0.015807 40.486950
-0.393734 3.755580 -0.656703 32.151410 0.014370 40,578560
-0.454088 4.671574 -0.587727 33.617001 0.035925 40.670150
-0.518752 5.587567 -0.567610 33.827680 0.035925 40.660990
-0.523063 5.752447 -0.524500 34.377270 0.031614 40.596880
-0.548929 6.045566 -0.523063 34.532990 Bottom
-0.554677 6.137163 -0.469894 35.448990
-0.570484 6.320362 -0.403793 36.364980
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TABLE A-3. 'AE VS. FREAKOUT POSITION DATA, SHOT E701, READING C FOR
40.-;r nun Dm.A. LTNCONFINED PBXN-1 11

Tune (jps) X 'rnm) Time (Cs) X (mm) Time (ps) X (mm)

Bottom -0.684210 9.006919 -0.562029 33.746170
-0.000000 0.000000 -0.714396 9.923188 -0.5002P1 34.662430
-0.000000 0.027488 -0.754644 10.839460 -0.447036 35.578710
-0.011499 0.210742 -0.787704 11.755730 -0.386665 36.494970
-0.034498 0.393995 -0.819327 12.671990 -0.366541 36.678230
-0.061809 0.577249 -0.846638 13.588260 -0.350730 36.861490
-0.073308 0.760503 -0.863887 14.504530 --0.334918 37.044740
-0.091994 0.943756 -0.878261 15.420800 -0.324856 37.227990
-0.117868 1.127010 -0.891198 16.337070 -0.310482 37.411240
-0.135117 1.310263 -0.908447 17.253330 -0.298982 37.594501
-0.156678 1.493518 -0.902697 18.169610 -0.280296 37,777750
-0.181114 1.676772 -0.914196 19.085870 -0.258735 37.960999
-0.204113 1.860325 -0.912759 20.002140 -0.245798 38.144260
-0.217050 2.043279 -0.907010 20.918410 -0.22423'V 38.327510
-0.231424 2.226532 -0.908047 21.8a4600 -0.211-00 38.510770
-0.247235 2.409786 -0.902697 22.750950 -0,194051 38.694020
--0.261609 2.593040 -0.899822 23,667210 --O..17.• ?2 38.817270
-0.288920 2.776294 -0.80, .... 24,583480 -0.1581lb 19.O60530
-0.300420 2.959548 -0.8696a7 25.499750 -0,236354 39.243780
-0.309044 3.142801 -0.843763 26,416020 -0.113$56 39.427030
-0.324856 3.326055 -0.822202 2V,'.32290 *-0,O•7744 39.610290
-0.340668 3.509308 -0.804953 28.248560 --0.076183 39.793550
-0.416851 4.425577 -0.767580 29.164820 -0.C53184 32.976799
-0.472910 5.311845 -0.733082 30.001090 .0o030186 40.160050
-0.533281 6.258114 -0.692835 30.997370 -0.01:1499 IG,34330C
-0.586466 7.174383 -0.661.212 31.913630 0.005750 40.5265;0
-0.633212 8.090651 -0.609464 32.329899 Top
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TABLE A-4. TIME VS. BREAKOUT POSITION DATA, SHOT E681, READING 3 FOR
41.05 mrn DIA. UNCONFINED PBXN-1 11

Time (gs) X (mm) Time (ps) X (mm) Time (us) X (mm)

Top 0.067184 13.490100 0.103133 28.283110
0.843921 0.000000 0.044200 14.628020 0.133188 29.421040

.0.744324 0.972925 0.032413 15.765940 0.176210 30.558960
0.634119 2.110849 0.015323 16.903870 0.213927 31.696890
0.540416 3.248772 0.005893 18.041790 0.257537 32.834810
0.448480 4.386698 0.004125 19.179720 0.311756 33.972740
0.383654 5.524622 -0.000000 20.317640 0.378350 35.110660
0.309988 6.662548 0.004125 21.455570 0.447302 36.248580
0.264609 7.800472 0.022394 22.593490 0.537469 37.386510
0.212748 8.938395 0.017090 23.731420 0.619976 38.524430
0.161476 10.076320 0.034181 24.869340 0.718983 39.662360
0.124938 11.214240 0.060112 26.007270 0.812686 40A800290
0.088399 12.352170 0.076023 27.145190 Bottom
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TABLE A-5. TIME VS. BREAKOUT POSITION DATA, SHOT E681, READING 4 FOR
41.05 mm DIA. UNCONFINED PBXN- 111

Time (ps) X (mm) Time (ps) X (mm) Time (ps) X (Mm)

Top 0.077996 12.974770 0.101994 28.034770
0.855552 0.000000 0.051597 14.133230 0.136192 29.193230
0.836353 0.231691 0.039598 15.291690 0.169791 30.351690
0.715160 2.390152 0.017399 16.450150 0.211188 31.510150
0.605356 2.548613 0.010799 17.608620 0.259186 32.668620
0.510571 3.707075 0.004200 18.767080 0.314383 33.827080
0.427776 4.865536 0.002400 19.925540 0.374979 34.985540
0.359980 6.024000 -0.000000 21.084000 0.439776 36.144001
0.298783 7.182461 0.003600 22.242460 0.521971 37.302460
0.251986 8.340921 0.011999 23.400920 0.622765 38.460920
0.196789 9.499384 0.034798 24.559390 0.690562 39.619380
0.148792 10.657840 0.046797 25.717850 0.861552 40.725720
0.111594 11.816310 0.077396 26.876310 Bottom
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TABLE A-6. TIME VS. BREAKOUT.POSITION DATA, SHOT E681, READING 5 FOR
41.05 mm DIA. UNCONFINED PBXII-1 11

Time (gs) X (mm) Time (js) X (mm) Time (gs) X (mm)

Bottom -0.724161 12.061090 -0.331666 36.956340
-0.000000 0.000000 -0.758921 13.465460 --0.305596 37.235990
0.004345 0.041948 -0.777749 14.863640 -0.279526 37.515650

-0.008690 0.321603 -0.793681 16.26191C -0.263595 37.795300
-0.042001 0.601257 -0.824095 17.650180 -0,233180 38.074950
-0.065175 0.880913 -0.828441 19.058450 -0.22±593 38.354610
-0.102831 1.160567 -0.818302 20.456720 -0.173799 38.634260
-0.133246 1.440221 -0.825544 21.855000 -0.144832 38.913910
-0.163660 1.719875 -0.809612 23.253270 -0.128901 39.193570
-0.176695 1.999529 -0.802371 24.651540 -0.102831 39.473230
-0.204213 2.279184 -0.779197 26.049810 -0.097037 39.613050
-0.221593 2.558839 -0.761818 27.448080 -0.082554 39.752880
-0.253456 2.838494 -0.727058 28.846360 -0.057933 39.892710
-0.279526 3.118148 -0.663331 30.244630 -0 .04340 40.032530
-0.298354 3.337802 -0.614089 31.642900 -0.031863 40.172360
-0.320079 3.677456 -0.544569 33.041170 -0.014483 40.312180
-0. 3737 5. 075729 -0 An0on1 J4.n50 -0.00 40. 4200

-0.482291 6.474000 -0.414220 35.837720 0.010138 40.591840
-0.564846 7.872274 -0.391047 36.117370 Top
-0.612640 9.270544 -0.366426 36.39'020
-0.676366 10.668820 -0.347597 36.676680
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TABLE A-7. TIME VS. BREAKOUT POSITION DATA, SHOT E681, READING 6 FOR
41.05 mm DIA. UNCONFINED PBXN-111

Time QLs) X (mm) Time (us) X (mm) Time (gs) X (mm)

Top -0.307231 3.481386 -0.340406 37.459710
-0.000000 0.000000 -0.328867 3.759896 -0.323097 37.738220
-0.011539 0.139255 -0.344734 4.038430 -0.304346 38.016730
-0.021636 0.278511 -0.357715 4.316921 -0.265402 38.295240
-0036060 0.417769 -0.388006 4.595432 -0.245208 38.573750
-0.054811 0.696280 -0.406757 4.873942 -0.216360 38.852270
-0.092314 0.974790 -0.630329 9.051603 -0.196166 39.130780
-0.106738 1.253301 -0.809186 16.014380 -0.158664 39,409290
-0.132701 1.531812 -0.840919 22.977150 -0.138470 39.687801
-0.158664 1.810322 -0.701006 29.939920 -0.108180 39.966310
-0.174530 2.088833 -0.548112 34.117590 -0.082217 40.244820
-0.204821 2.367343 -0.468780 35.510140 -0.064908 40.384080
-0.230784 2.645854 -0.426950 36.206410 -0.054811 40.523340
-0.253862 2.924365 -0.376466 36.902690 -0.044714 40.662590
-0.294249 3.202875 -0.359158 37.181198 Bottom
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TABLE A-8. TfIE VS. BREAKOUT POSITION DATA, SHOT E681, READING B FOR
41.05 mm DIA. UNCONFINED PBXN-111

Time Q1s) X (mm) Time (ps) X (mi) Time (ps) X (mrm)

Top -0.472241 5.580142 -0.556260 33.550810
-0.000000 0.000000 -0.551914 6.978681 -0.476587 34.949340
-0.007243 0.139850 -0.518549 8.377213 -0.396915 36.347870
-0.024626 0.279706 -0.664904 9.775745 -0.283924 37.746399
-0.042009 0.41i55E --0.714156 11.174280 -0.256401 38.026110
-0.063738 0.559413 -0.761960 12.572810 -0.231775 38.305820
-0.075327 0.699263 -0.783689 13.971340 -0.195560 38.585520
-0.085467 0.839119 -0.812661 15.369880 -0.172383 38.865230
-0.120233 1.104841 -0.824249 16.768410 -0.146308 39.144930
-0.144859 1.384547 -0.837287 18.166940 -0.136168 39.284790
-0.169486 1.664254 -0.838735 19.565470 -0.114439 39.424640

-0.194111 1.943960 -0.841632 20.964010 -0.105747 39.564499
-0.228878 2.223666 -0.845978 22.362540 -0.088364 39.704350
-0.253504 2.503373 -0.832941 23.761070 -0.085467 39.844200
-0.273784 2.783079 -0.815558 25.159599 -0.07387R 39.984050
-0.292616 3.062785 -0.795277 26.558140 -0.050701 40.123910
-0.307102 3.342492 -0.767754 27.956670 -0.043458 40.263760
-0.327382 3.622198 -0.725745 29.355210 -0.036215 40.403620
-0.366494 3.901904 -0.677941 30.753740 -0.011589 40.585420
-0.375186 4.181611 -0.615652 32.152270 Bottom
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TABLE A-9. TIME VS. BREAKOUT POSITION DATA, SHOT E681, READING C FOR
41.05 mm DIA. UNCONFINED PBXN- 11

Time (gjs) X (mm) Time (gs) X (mm) Time Cus) X (mm)

Top -0.805005 14.499110 -0.640541 31.212780
-0.000000 0.000000 -0.816546 15.891910 -0.592934 32.605590
-0.064920 0.571049 -0.825202 17.284720 -0.536670 33.998390
-0.183218 1.963860 -0.828087 18.677530 -0.468865 35.391201
-0.308730 3.356665 -0.835300 20.070330 -0.372206 36.784000
-0.416929 4.749470 -0.833858 21.463140 -0.278434 38.176810
-0.500603 6.142274 -0.829530 22.855950 -0.151479 39.569620
-0.569851 7.535082 -0.822317 24.248750 -0.004328 40.962420
-0.636213 8.927885 -0.797791 25.641560 0.038952 41.032060
-0.682378 10.320690 -0.763168 27.034360 Bottom
-0.732871 11.713500 -0.744413 28.427170
-0.770381 13.106300 -0.688149 29.819970
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TABLE A-10. TIME VS. BREAKOUT POSITION DATA, SHOT E646, READING B FOR
48.02 mm DIA. UNCONFINED PBX)N- 111

Time (us) X (run) Time Was) X (mm) Time Wi) X (Mm)

Top -0.848374 13.652780 -0.659210 38.783550
-0.000000 0.000000 -0.869870 14.515780 -0.624816 39.491210
-0.014331 0.086303 -0.878468 15.378790 -0.588989 40.121201
-0.027228 0.172601 -0.894232 16.241800 -0.560328 40.449150
-0.050157 0.258904 -0.909995 17.104799 -0.533100 40.802980
-0.060189 0.345203 -0.934358 17.967810 -0.500139 41.864480
-0.068787 0.431505 -0.955853 18.830820 -0.447116 42.563520
-0.087417 0.517804 -0.965885 19.693830 -0.418455 42.969130
-0.093149 0.604106 -0.971617 20.556830 -0.391226 43.409260
-0.103181 0.707668 -0.981649 21.419840 -0.372597 43.625020
-0.120377 0.880269 -0.991680 22.282850 -0.356833 43.858030
-0-134708 1.052871 -0.994546 23.145850 -0.343935 44.030630
-0.153338 1.225472 -0.981649 24.008860 -0.325306 44.203230
-0.166235 1.398073 -0.975916 24.871870 -0.313841 44.375830
-0.183432 1.570674 -0.940090 30.524570 -0.302376 44.548430
-0.269416 2.433681 -0.927192 30.912920 -0.289479 44.721030
-0.343935 3.296687 -0.902830 31.775930 -0.276581 44.893640
-0.412722 4.159698 -0.887067 32.638930 -0.250786 45.066240
-0.470045 5.022704 -0.869870 33.501940 -0.236456 45,238840
-0.523069 5.885710 -0.832610 34.106050 -0.233589 45.411440
-0.563194 6.748717 -0.828311 34.321800 -0.20i194 45.584040
-0.614784 7.611723 -0.818279 34.710150 -0.192UC1 45.756640
-0.662075 8.474733 -0.806815 35.227950 -0.186298 45.929240
-0.700768 9.337740 -0.775288 35.875210 -0.164802 46.101850
-0.732296 10.200750 -0.766689 36.953970 -0.150472 4e.248560
-0.770988 11.063750 -0.720831 37.816980 -0.121811 46.412530
-0.801083 11.926760 -0.705067 37.445880 Bottom
-0.828311 12.789770 -0.674973 37.920530
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TABLE A-11. TIME VS. BREAKOUT POSITION DATA, SHOT E646, READING C FOP,

48.02 mm DIA. UNCONFINED PBX-N- 111

Time (11s) X (mm) Tine (ps) X (mm) Time (us) X (rnm)

Top -0.858812 22.636290 -0.609526 35.872610
-0.000000 0.000000 -0.858812 22.931390 -0.585030 36.306580

-0.036906 0.286425 -0.847284 22.131020 -0.574943 36.740560
-0.115277 1.154381 -0.863135 23.512920 -0.554770 37.174540
-0.180120 2.022337 -0.854489 23.650470 -0.533155 37.608520
-0.422201 5.494160 -0.858812 23.825380 -0.502895 38.476470
-0.508659 7.230070 -0.855930 24.025010 -0.399146 40.212390
-0.546124 8.479927 -0.857371 23.990299 -0.259373 42.382280
-0.561974 8.748995 -0.789646 28.859530 -0.190207 43.250230
-0.642668 10.701890 -0.815583 29.033120 -0.126804 43.944590
-0.697425 11.569850 -0.746417 31.376600 -0,056197 44.552170
-0.703189 11.795520 -0.714716 32.296630 0.027378 45.420120
-0.716157 12.272890 -0.714716 32.713250 0.066284 45.854099
-0.724803 12.741590 -0.701747 33.043070 0.097985 45.940899
-0.732008 13.045370 -0.703189 33.320820 0.139773 46.114490
-0.746417 13.314440 -0.681574 33.702720 0.162828 46.183920
-u.T7!Zle 13.739740 -0.668605 34.136700 Bottom

-0.762268 14.312590 -0.657078 34,570680
-0.756504 14.859400 -0.645550 35.004660
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TABLE A-12. TIME VS. BREAKOUT FOSITION DATA, SHOT E646, READING 2 FOR

48.02 mm DIA. UNCONFINED PBXN- 111

Time Wis) X (mm) Time (ps) X (mm) Time (gs) X (mm)

Top 0.096275 15.047940 0.176744 33.766950
0.830553 0.000000 -0.000000 23.169320 0.211230 34.632770
0.760143 0.865818 0.008622 23.377120 0.244280 35.498590
0.612138 2.597454 0.017243 24.165010 0.308943 37.230220
0.494308 4.329096 0.002874 26.173710 0.412403 38.961860
0.390848 6.060732 0.028739 27.706210 0.497183 40.693501
0.323312 8.502344 0.034487 28.572030 0.596331 42.425140
0.185366 11.576000 0.056041 29.437850 0.740025 44.156780
0.172433 12.121470 0.086216 30.303670 0.925391 45.888410
0.136510 12.987290 0.090328 31.169490 1.005860 46.295350
0.113518 13.853110 0.117830 32.035310 Bottom
0.100586 14.718930 0.148005 32,901130
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TABLE A-13. TIME VS. BREAKOUT POSITION DATA, SHOT E700, READING A FOR
48.12 mm DIA. UNCONFINED PBXN- 111

Time (jis) X (mm) Time (ps) X (mm) Time (Ws) X (mm)

Top -0.550321 7.442755 -0.695445 37.028840
-0.000000 0.000000 -0.636533 9.291884 -0.627912 38.877970
-0.012932 0.138688 -0.699755 11.141010 -0.541700 40.727110
-0.020116 0.231142 -0.758667 12.990150 -0.442556 42.576240
-0.033048 0.323601 -0.800336 14.839280 -0.310364 44.425370
-0.050290 0.508514 -0.842005 16.E88410 -0.241394 45.349930
-0.064659 0.693427 -0.872180 18.537540 -0.158056 46.274502
-0.084775 0.878340 -0.886548 20.386670 -0.057475 47.199060
-0.096270 0.970794 -0.900917 22.235800 -0.041669 47.383980
-0.132192 1.433078 -0.903791 24.084930 -0.018679 47,568890
-0.169551 1.895358 -0.895170 25.934060 -0.001437 47.753799
-0.215530 2.357643 -0.887985 27 783190 0.012932 47.938720
-0.264384 2.819927 -0.867869 29.632320 0.031611 48.123630
-0.327606 3.744492 -0.842005 31.481450 Bottom
-0.393702 4.669057 -0.810394 33.330580
-0.439682 5.593621 -0.755793 35.179720
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TABLE A-14. TIME VS. BREAKOUT POSITION DATA, SHOT E700, READING B FOR
48.12 mm DIA. UNCONFINi'D PBXN- 111

Time (W) X (ram) Time (pjs) X (mm) Time (jis) X (mm)

Top -0.255467 2.768666 -0.733390 35.623540
-0.000000 0.000000 -0.261207 2.860957 -0.665936 37.469320
-0.014352 0.092287 -0.274124 2.953244 -0.599916 39.315090
-0.015787 0.184578 -0.285606 3.137821 -0.508063 41.160870
-0.022963 0.276864 -0.294217 3.322399 -0,500887 41.299301
-0.040186 0.369155 -0.310005 3.506977 -0.480794 41.576170
-0.044491 0.461442 -0.321486 3.691554 -0.475053 41.806890
-0.053103 0.553733 -0.340144 3.876137 -0.423386 42.729780
-0.061714 0.646020 -0.350190 4.060714 -0.364542 43.652670
-0.071760 0.738311 -0.363107 4.245292 -0.292782 44.575560
-0.080372 0.830598 -0.424821 5.168181 -0.213846 45.498450
-0.087548 0.922889 -0.462137 5,841890 -0.188012 45.775320
-0.094'124 1.015175 -0.467877 5.897264 -0.163613 45.959900
-0.106205 1.107466 -0.482229 6.321793 -0.150697 46.144480
-0.114816 1.199753 -0.492276 6.469453 -0.137780 46,329050
-0.120557 1.292044 -0.519545 7.013958 -0.119122 46.513630
-0.136345 1o384331 -0.562601 7.936847 -0.096159 46.698210
-0.139215 1.476622 -0.644408 9.782628 -0.080372 46.790501
-0.147826 1.568913 -0.71329B 11.628410 -0.070325 46.882790
-0.156438 1.661200 -0.769271 13.474190 -0.060279 46.975070
-0.165049 1.753491 -0.810892 15.319960 -0.054538 47.067370
-0.175095 1.845777 -0.846772 17.165740 -0.037315 4'7.251940
-0,179401 1.938068 -0.869735 19.011520 -0.020093 47.344230
-0.186577 2.030355 -0.891263 20.857300 -0.011482 47.436520
-0.196623 2.122646 -0.897004 22.703080 -0.005741 47.528810
-0.203799 2.214933 -0.899874 24.548860 0.005741 47,621101
-0.218151 2.307224 -0.894134 26.394640 0.014352 47.713390
-0.235374 2.399511 -0.881217 28.240420 0.022963 47.805680
-0.231068 2.491802 -0.859689 30.086201 0.037315 47.897960
-0.238244 2.510258 -0.825244 31.931970 0.047362 47.990260
-0.245420 2.676379 -0.782188 33.777750 Bottom
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TAB.LE A.-5. MME VS. BREAKOUT POSITION DAT-A, SHOT E700, REXiDLN4U C FOR
48.12 mm DIA. UNCONHENtED PBXN-1 11

Time Ws) X (mM) Time (pts) X (mm) Ti=; Cis) X (mrm)

Bottom -0.871608 17.531140 -0.448335 42.8549q0
-0.000000 0.000000 -0.890430 18.462170 -0.440141 43.041150

0.005791 0.027931 -0.907804 19.393190 -0.434356 43.227350
-0.021718 0.214135 -0.915043 20.324210 -0.415534 43-413550
-0.043436 0.400340 -0.913596 21.255230 -0.408295 43.559760
-0.066601 0.586544 -0.928074 22.186250 -0,,392368 43.785970
-0.083975 0.772748 -0.935313 23.11"7280 -0.379338 43.972170
-0.095558 0.558953 -0.93531-3 24.043300 -0.367755 44.158370
-0.114380 1.145157 -0.935313 24.979320 -0.348933 44.344580
-0.136098 1.331361 --0.93Z866 25.910340 -0.335902 44.530780
-0.144785 1.517566 -0.923731 26.841370 -0.3199776 44.716980
-0.163607 1.7037T)0 -0.920835 27.772390 -0.302601 44.903190
-0,179534 1.889975 -0.907804 28.703410 -0.291019 45.089390
-0.199804 2.076179 -0.896221 29.634430 -0.275092 45.275600
-0.218626 2.262383 -0.884638 30.565450 -0.257718 45.461800
-0.236000 2.448588 -0.867264 31.496470 -0.243239 45.648010
-0.253374 2.634793 -0.849890 32.427502 -0.227313 45.834210
-0.319976 3.565815 --0.832516 33.35B520 -0.208491 46.020420
-0.389025 4.496836 -0,807%02 34.289540 -0.192564 46.206620
-0.445939 5.42i858 -0.781841 35.220560 -0.170847 46.392820
-0.506749 6.358880 -0.747093 36.151.58C, -0.157816 46.579030
-0.553080 7.289902 -0,725315 37.082600 -0.131755 46.765230
-0.5979ý3 8.220925 -0.690626 38.013630 -0.11)276 46.951440
-0.(47191 9.151245 -0.651534 38.944650 -0.09555li 47.137640
-0.677596 10.082970 --0.61E338 39.8'05670 -0.075288 47.323850
-0.713792 11.01:3990 -0.570454 40.80C690 --0.053571 47.510050
--0.748540 11.945010 -0.521227 41.737720 --0.036196 47.696260
-0.781841 12.876040 --0.502405 41.923920 -0.021712 47.882460
-0.797767 13.807 6C -0.498062 42.110130 -0.007239 48.068630

--. oz..,c' 14.7ovvv ... 0 .483383 42.c'o~v ISp

-- 0.845546 15.669100 -0.4"19239 42.482540
-0.,357129 16.6001.20 -0.463313 42.668740
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TABLE A-16. TIME VS. BREAKOUT POSITION DATA, SHOT E645, READING B FOR
68,25 mm DIA. UNCONFlE-D PBXN-1 11

Time (Wts) X (mm) Time (Cis) X (mm) Time (s) X (mm)

Top -0.887457 18.109830 -0.871712 46.976890
-0.000000 0.000000 -0.904634 18.958870 -0.860261 47.825930
-0.010020 0.110374 -0.916085 19.807899 -0.838790 48.674960
-0.022902 0.195279 -0.927536 20.656930 -0.813888 49.523990
-0.044373 0.280180 -0.936124 21.505960 -0.794417 50.373020
-0.054393 0.365085 -0.947575 22.354990 -0.775810 51.222050
-0.062981 0.449986 -0.959027 23.204020 -0.755770 52.071080
-0.087315 0.619792 -$.966183 24.053050 -0.735731 52.920120
-0.104491 0.789598 -0.979066 24.902090 -0.707103 53.769140
-0.118805 0.959404 -0.980497 25.751120 -0.685633 54.618170
-0.137413 1.129211 -0.983360 26.600150 -0.654142 55.467201
-0.151726 1.299017 -0.997674 27.449180 -0.618357 56.316240
-0.167472 1.468823 -0.996243 28.298210 -0.586867 57.165270
-0.'83217 1.638633 -1.003399 29.147240 -0.559671 58.014301
-0.198962 1.808439 -1.001968 29.996270 -0.523886 58.863330
-0.219002 1.978245 -1.004631 30.845301 -0.479513 59.712360 I
-0.290571 2.82/2/5 -1.009125 31.694340 -0.440454 0 0.5co0m

6.76306 -I.:SS262 32.543370 -0.396493 61.410430
--0.415101 4.525336 -0,999105 33.392399 -0.354983 62.259460
--0.448023 5.374367 -1.004831 34.241430 -0.302022 63.108480
-0.500984 6.223400 -1.001968 35.090460 -0.247629 63.957520
-0.539632 7.072431 -1.000537 35.939490 -0.194668 64.806550
-0,584004 7.921462 -0.997674 36.788520 -0.135931 65.655580
-0.622651 8.770491 -0.991949 37.637550 -0.065844 66.504610
-0.648417 9.619522 -0.981929 38.486580 0.005725 67.353640
-0.682770 10.468560 -0.979066 39.335610 0.038647 67.523450
-0.707103 11.317590 -0.966183 40.184640 0.052961 67.693250
-0.?37162 2z169920 -0.960458 41.033670 0.070138 67.863060
-0.758633 13.015650 -0.940419 41.882710 0.078726 67.947960
-0.778672 13.864680 -0.931830 42.731740 0.091608 68.032870
-0.792986 14.713710 -0.924674 43.580770 0.100197 60.117770
-0,811594 15.562740 -0.913222 44.429798 Bottom
-0,840222 16.411770 -0.903203 45.278830
-0.863124 17.260799 -0.883163 46.127860

A-22



NSWCDD/TR-92/164

TABLE A-17. TIME VS. BREAKOUT POSION DATA, SHOT E645, READING 2 FOR
68.25 rnm DIA. UNCONFINED PBXN-11 I

Time (.us) X (mm) Time (,us) X (mm) Time (is) X (mm)

Top 0.044474 27.594360 0,041605 42.915100
1.103245 0.000000 0.053082 28.445510 0.050213 44.617410
1.077422 0.357483 0.037301 30.147820 0.124815 48.873170
0.916741 2.05ý1788 0.021520 31.850120 0.196547 53.128930
0.789057 3.762093 0.014347 32.701270 0.314189 57.384701
0.639854 6.315552 -0.000000 35.254730 0.500693 61.640460
0.443307 10.571310 Q.007173 36.105880 0.743148 65.896220
0.29123i 14.827.3S0 0.012912 37.808190 1.001386 68.449680
0.182201 19.082e40 0.014347 39.510490 Bottom
0.086080 23.338600 0.022955 40.361650
0.077472 25.892060 0.008608 41.212799
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TABLE A-18. TIME VS. BREAKOUT POSITION DATA, SHOT E645, READING 3 FOR
68.25 mm DIA. UNCONFINED PBXN-1 11

Time (j.s) X (mm) Time (Cs) X (mm) Time (pas) X (mm)

Bottom -0.792308 15.628340 -0.695791 53.225230
-0.000000 0.000000 -0.822560 16.482820 -0.666979 54.079700
-0.004322 0.076901 -0.839846 17.337290 -0.638168 54.934180
-0.018727 0.247800 -0.862896 18.191760 -0.6J.2238 55.788660
-0.041776 0.418691 -0.888826 19.046240 -0.574784 56.643130
-0.059063 0.589590 -0.897469 19.900710 -0.551735 57.497610
-0.077790 0.760460 -0.904672 20.755190 -0.518602 58.352080
-0.086434 0.931379 -0.898910 21.609670 -0.472504 59.206550
-0.106602 1.102270 -0.924839 22.464140 -0,427847 60.061030
-0.123888 1.273169 -0.933483 23.318620 -0.391832 60.915510
-0.139735 1.444059 -0.943567 24.173090 -0.345734 61.769970
-0.152699 1.614958 -0.943567 25.027560 -0.327007 62.197220
-0.168546 1.785849 -0.950770 25.882040 -0.299636 62.624450
-0.195916 1.956748 -0.966616 26.736510 -0.283790 62.795350
-0.206000 2.127639 -0.973819 27.590990 -0.278028 62.966250
-0.226168 2.298537 -0.972378 28.445460 -0.267944 63.137130
-0.237692 2.469428 -0.972378 29.299940 -0.254979 63.308030
-0.249217 2.640327 -0.975259 30.154410 -0.237692 63.478930
-0.263623 2.811218 -0,968057 31.008890 -0.231530 63.649820
-0.270825 2.982116 -0.979581 31.863360 -0.230490 63.820720
-0.286672 3.153007 -0,970938 32.717830 -0.221846 63.991600
-0.295315 3.323906 -0.581021 33.572310 -0.210322 64.162498
-0.309721 3.494797 -0.968057 34.426790 -0.201679 64.333410
-0.321245 3.665696 -0.965175 35.281.260 -0.185832 64.504303
-0.332769 3.836594 -0.963735 36.135740 -0.174308 64.675180
-0.341413 4.007485 -0.963735 36.990210 -0.169986 64.846090
-0.363021 4.178384 -0.953651 37.844680 -0.155581 65.016980
-0.373105 4.349275 -0.946448 38.699160 -0.142615 65.187880
-0.37166b 4.520174 -0.937805 39.553630 -0.129651 65.358760
-0.400476 4.947404 -0.929161 40.408110 -0.118126 65.529660
--0.429287 5.374644 -0.924839 41.262580 -0.109482 65.700560
-0.449455 5.801882 -0.926280 42.117060 --0.087874 65.871460
-0.476826 6.229121 -0.908994 42.971540 -0.074909 66.042350
-0.494112 6.656360 -0.888826 43.826010 -0.063385 66.213250
-0.512839 7.083591 -0.887385 44.680480 -0.051860 66.384140
-0.556056 7.938069 -0.860015 45.534950 -0.038895 66.355040
-0.581986 8.792548 -0.855693 46.389430 -0.021C09 66.725920
-0.615119 9.647016 -0.835525 47.243910 -0.014406 66.913910
-0.645371 10.501500 -0.819579 48.098380 0.005762 67.C67720
-0.681285 11.355970 -0.799511 48.952860 0.015846 67.238620
-0.707315 12.210440 -0.777903 49.807330 0.027371 67.409500
-C.731805 13.064920 -0.754854 50.661810 0.u48979 67.580399
-0.760616 13.919390 -0.739007 51.516280 Top
-0.786546 14.773870 -0.718840 52.370750
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TABLE A-19. TIME VS. BREAKOUT POSITION DATA, SHOT E647, READING B FOR
48.45 mDIA. PBXN-11l CONFINED BY 17.1 mm THICK BRASS

Time (pIs) X (mm) Time (jis) X (mm) Time Wjs) X (mm)

Top -0.490963 16.214780 -0.459380 37.002960
-0.000000 0.000000 -0.508189 17.308890 -0.439282 38.097080
-0.020098 0.109409 -0.525416 18A403010 -0.406264 39.191190
-0.050244 0.218823 -0.542643 19.497120 -0.384730 40,285310
-0.034453 0.328232 -0.545513 20.591240 -0.337357 41.379420
-0.180881 4.081045 -0.552691 21.685360 -0.307210 42.473540
-0.199543 4.825046 -0.565612 22.779470 -0.261272 43.567650
-0.208157 4.978222 -0.567048 23.873580 -0.213898 44.661760
-0.223947 5.459634 -0.562740 24.967699 -0.190930 45.208820
-0.233996 5.787865 -0.555562 26.061810 -0.167960 45.755880
-0.245481 6.367746 -0.556998 27.155930 -0.157911 45.974701
-0.28a548 7.46!3 -0.561305 28.250040 -0.137814 46.193530
-0.327308 8.555979 -0.554127 29.344160 -0.123458 46.412350
-0.344535 9.650092 -0.542643 30.438270 -0.113409 46.631170
-0.368940 10.744210 -0.532594 31.532390 -0.066036 46.849998
-0.397651 11.838320 -0.516802 32.626499 -0.087569 47.068820
-0.429233 12.932440 -0.508189 33.720620 -0.070342 47.287650
-0.462251 14.026550 -0.486656 34.814730 -0.060293 47.506470
-0.482349 15.120670 -0.472300 35.908850 Bottom
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TABLE A-20. TIME VS. BREAKOUT POSITION DATA, SHOT E647, READING C FOR

48.45 mm DIA. PBXN- 111 CONFINED BY 17.1 mni THICK BRASS

Time Ws) X (mm) Time (us) X (mm) Time (p) X (mm)

Top -0.545986 15.172920 -0.541686 30.932750
0.000000 0.000000 -0.553151 15.716360 -0.535954 31A476200

-0.045857 0.499967 -0.558863 16.259800 -0.533088 32.019640
-0.081683 1,043410 -0.563182 16.803250 -0.525923 32.563080
-0.110343 1.586852 -0.568914 17.346690 -0.518758 33.106520
-0.146169 2.130295 -0.573213 17.69C!30. -0.515S92 33.649970
-0.179129 2.673738 -0.577512 18.433580 70.505861 34.193410
-0.210656 3.217181 -0.581611 18.977020 -0.492963 34.736850
-0.232151 3.760623 -0.583244 19.520460 -0.478633 35.280290
-0.257946 4.304066 -0.587543 20.063900 -0.464303 35.823740
-0.283741 4.847508 -0.588977 20.607340 -0.451405 36.367180
-0.300937 5.390951 -0.594709 21.150790 -0.435642 36.910620
-0.319566 5.934394 -0.596142 21.694230 -0.422745 37.454060
-0.341062 6.477836 -0.593276 22.237670 -0.415579 37.997510
-0.361124 7.021279 -0.596142 22.781120 -0.404115 38.540950
*. -0,375455 7.564721 -0.600441 23.324560 -0.384053 39.084390
-0.391218 8.108164 -0.600441 23.868000 -0.374022 39.627840
-0.398383 8.653.606 -0.599008 24.411440 -0.363990 40.171280
-0.411280 9.195049 -0.597575 24.954880 -0.346794 40.714720
-0.435642 9.738491 -0.594709 25.498330 -0.326732 41.258160
-0.462870 10.281930 -0.593276 26.041770 -0.309535 41.801610
-0.470035 10.825380 -0.591843 26.585210 -0.290906 42.345050
-'0.482932 11.368820 -0.590410 27.128660 -0.262245 42.888490
-0.495829 11.912260 -0.581811 27.672100 -0.252214 43.431940
-0.508727 12.455710 -0.576079 28.215540 -0.230718 43.975380
-0.514459 12.999150 -0.568914 28.758980 -0.209223 44.518820
-0.521624 13.542590 -0.564615 29.302430 0.002866 48.279440
-0.5287 89 14.086030 -0.563182 29,845870 BottOm
-0.540253 14.629480 -0.551718 30.389310
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TABLE A-21. TIME VS. BREAKOUT POSITION DATA, SHOT E648, READING B FOR

67.92 mm DIA. PBXN-1 11 CONFINED BY 7.3 mm THICK BRASS

Time (us) X (mm) Time (pIs) X (mm) Time (jis) X (rmm)

Top -0.262849 6.250362 -0.619059 44.924480
-0.000000 0.000000 -0.290139 7.306165 -0.597514 46.033070
-0.012927 0.105583 -0.321738 8.361967 -0.581714 46.698220
-0.014363 0.211161 -0.354774 9.417776 -0.512771 50.889770
-0.018672 0.316744 -0.386373 10.473580 -0.515643 51.491570
-0.021545 0.422321 -0.409355 11.529380 -0.498407 52.114498
-0.024418 0.527904 -0.435209 12.585190 -0.479735 52.864120
-0.033036 0.633482 -0.463935 13.640990 -0.456754 53.962160
-0.038781 0.739065 -0.478299 14.696800 -0.435209 54.912390
-0.047399 0.844643 -0.496971 15.752600 -0.409355 55,873160
-0.051708 0.971340 -0.514207 16.808410 -0.386373 56.928970
-0.064635 1.182501 -0.534316 17.864210 -0.360520 57.984770
-0.071817 1.393661 -0.548679 18.920010 -0.328920 59.040580
-0.078998 1.604822 -0.570224 19.975820 -0.291575 60.096380
-0.089053 1.815983 -0.586024 21.031620 -0.272903 60.624280
-0.099107 2.027143 -0.607569 22.087430 -0.258540 61.152180
-0.110598 2.238304 -0.624804 23.143230 -0.173796 62.746450
-0.116343 2.449465 -0.629113 24.199040 -0.093362 64.541310
-0.132143 2.660625 -0.642041 24.547450 -0.076126 65.217030
-0.136452 2.871786 -0.650659 32.919980 0.010054 66.832410
-0.140761 3.082947 -0.663586 40.088890 Bottom
-0.188160 4.138755 -0.639168 43.298530
-0.235559 5.194558 -0.621932 44.122060
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TABLE A-22. TIME VS. BREAKOUT POSITION DATA, SHOT E648, READING C FOR
67.92 mrn DIA. PBXN- 11 CONFINED BY 7.3 mm THICK BRASS

Time Ois) X (mm) .Time (js) X (mm) Time (Ms) X (mm)

Top -0.621415 17.894730 -0.594458 51.187250
0.000000 0.000000 -0.635602 18.414930 -0.588783 51.707450

-0.032631 0.208078 -0.644115 18.935120 -0.578852 52.227640
-0.045400 0.728274 -0.651209 19.455320 -0.577433 52.747840
-0.083707 1.248470 -0.658303 19.975510 -0.563246 53.268030
-0.131944 1.768665 -0.669653 20.495710 -0.557571 53.788230
-0.174507 2.288861 -0.681002 21.015900 -0.541964 54.308420
-0.191532 2.809056 -0.692353 21.536100 -0.534871 54.828620
-0.205719 3.329252 -0.699446 22.056290 -0.516427 55.348810
-0.222745 3.849448 -0.700865 22.576490 -0.505077 55.869010
-0.251120 4.369643 -0.713634 23.096690 -0.492308 56.389198
-0.286589 4.889839 -0.715053 23.616880 -0.473864 56.909401
-0.306451 5.410034 -0.720728 24.137080 -0.465352 57.429590
-0.322057 5.930230 -0.744847 24.657270 -0.446908 57.949790
-0.349014 6.450426 -0.749103 25.177470 -0.429883 58.469990
-0.374551 6.970621 -0.750521 25,697660 -0.415695 58.990180
-0.387320 7.490817 -0.756197 26.623610 -0.394414 59.510370
-0.40-183 8.011012 -0.75052i 28.298640 -0.384483 60.030580
-0.421370 8.531208 -0.774640 30.296190 -0.368876 60.550770
-0.434139 9.051404 -0.759034 31.190930 -0.360364 61.070960
-0.4S5420 9.571599 -0.774640 32.158490 -0.341920 61.591160
-0.466770 10.091800 -0.740590 34.384930 -0.323476 62.111360
-0.475283 10.611990 -0.742009 42.687250 -0.299357 62.631550
-0.489470 11.132190 -0.734915 43.280280 -0.290845 63.151750
-0.499402 11.652380 -0.720728 42.884930 -0.270982 63.671940
-0.512171 12.172580 -0.695190 45.423480 -0.242607 64.192140
-0.527777 12.692770 -0.692353 45.954080 -0.224163 64.712330
-0.537708 13.212970 -0.675327 46.505490 -0.194370 65.232530
-n05433A 13 7- -7 -01663977 47.025690 -0.168832 65.752730

-0.544802 14.253360 -0.655465 47.545880 -0.146132 66.272920
-0.568921 14.773560 -0.648371 48.066070 -0.123432 66.793110
-0.578852 15.293750 -0.642696 48.586270 -0.100732 67.313310
-0.580271 15,813950 -0.632765 49.106470 -0.082288 67.833510
-0.598715 16.334140 -0.624252 49.626660 -0.021281 67.833510
-0.607227 16.854340 -0.608646 50.146860 Bottom
-0.608646 17.374530 -0.598715 50.667060
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TABLE A-23. IlWlv VS. BREAKOUT POSITION DATA, SHOT E689, READING B FOR
50..86 mm DIA. UNCONFINED CAST COMP B*

Time (uxs) X (mM) Time (Bs) X (mm) Time (ps) X (mm)

Top -0.158769 8.315300 -0.138627 43.980410
-0.000000 0.000000 -0.201424 12.592720 -0.125594 44.382490
-0.018958 0.615948 -0.229860 16.870130 -0.073460 46.8.12060
-0.C04739 0.188206 -0.244078 21.147560 -0.040285 49.523020
-0.011848 0.444851 -0.247633 25.356530 -0.030806 49.378510
-0.023697 1.043690 -0.246448 25.655950 -0.008294 49.806250
-0.037915 1.471432 -0.236969 29.702390 -0.000000 50.234001
-0.093603 4.037882 -0.219196 33.979810 0.001185 50.430760
-0.135072 6.313469 -0.195499 38.257230 Bottom
-0.143366 6.878088 -0.151660 42.534650

* Chai'ge was at a slight angle to the camera axis which allowed the measurement of detonation

velocity along side as well as breakout.
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TABLE A-24. TIME VS. BREAKOUT POSITION DATA, SHOT E689, READING 2 FOR
50.86 mm DIA. UNCONFINED CAST CO.MP B

Time (,us) X (mm) Time (4s) X (mam) Time (uts) X (mm)

Top -0.2!2286 16.556801 -0.199168 34.179560
0.000000 0.000000 -0.213479 16.986620 --0.195590 34.609380

-0.002385 0.223508 -0.214672 17.416450 -0.193205 35.039200
-0.016697 0.653332 -0.215864 17.846270 -0.189627 35.469030
-0.028623 1.083155 -0.217057 18.276090 -0.188434 35.898850
-0.036971 1.512978 -0.218250 18.705910 -0.184856 36.328680
-0.047705 1.942802 -0.219442 19.135740 -0.182471 36.758499
-0.057246 2.372625 -0.221827 19.565560 -0.176508 37.188320
-0.069172 2.802449 -0.224213 19.995380 -0.171737 37.618150
-0.077520 3.232272 -0.225405 20,425210 -0.169352 38-047970

-0.083483 3.662095 -0.226598 20.855030 -0.166967 38.477790
-0.090639 4.091919 -0.227791 21.284860 -0.164582 38.907620
-0.098988 4.521742 -0.227791 21.714680 -0.158618 39.337440
-0.102565 4.951566 -0.228983 22.144501 -0.156233 39.767260
-0.110914 5.381389 -0.227791 22.574330 -0.149078 40.197090

-0.118069 5.811212 -0.227791 23.004150 -0.144307 40.626910
-0.121647 6.00893i -0.227791 23.433970 -0,139537 41°056730
-0.126418 6.318404 -0.226598 23.863800 -0.133574 41.486550
-0.132381 6.670860 -0.226598 24.293620 -0.128803 41.916380
-0.135959 7.100683 -0.224213 25.041510 -0.122840 42.346210
-0.140729 7,530506 -0.224213 25.353270 -0.115684 43.205850
-0.145500 7.960330 -0.224213 25.583090 -0.108528 43.446550
-0.150270 8.390153 -0.223020 26,012910 -0.103758 43.919360
-0.158618 8.819976 --0.223020 26.442740 -0.098988 44.065498
-0.161004 9,249800 -0.223020 26.872560 -0.091832 44.495320
-0.164582 9.679624 -0.223020 27.302380 -0.085869 44.925150
-0.169352 10.109450 -0.220635 27.732210 -0.077520 45.354970
-0.172930 10.539270 -0.219442 28.162030 -0.071557 45.784790
-0.178893 10.969090 -0.218250 28.591860 -0.064402 46.214620
-0.182471 11.398920 -0.218250 29.021680 -0.057246 46.644440
-0.184856 11.828740 -0.217057 29.451500 -0.045320 47.074260
-0.187241 12.258560 '-0.215864 29.881330 -0.036971 47.504080
-0.189627 12,688390 -0.214672 30.311150 -0.023852 47.933910
-0.190819 13.118210 -0.213479 30.740970 -0.014311 48.363730

-0.194397 13.548030 -0.212286 31.170790 0.000000 48.793550
-0.197975 13.977860 -0.211094 31.600620 0.009541 49.223380
-0.200360 14.407680 -0.209901 32.030440 0.021467 49.653198
-0.203938 14.837500 -0.207516 32.460260 0.035779 50.083030
-0.206323 15.267330 -0.205131 32.890090 0.041742 50.332320
-0.208709 15.697150 -0.203938 33.319910 Bottom
-0.211094 16.126970 -0.201553 33.749730

* Charge was at a slight angle to the camera axis which allowed the measurement of detonation

velocity along side as well as breakout.
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TABLE A-25. TIME VS. BREAKOUT POSITION DATA, SHOT E693, READING A FOR
50.87 mm DIA. CAST COMP B WITH 12.68 ram THICK STEEL COLLAR
AT END

Time (ýjs) X (rmm) Time (gs) X (mm) Time (ps) X (mm)

Top -0.179484 -14.201220 -0.040683 -44.759570
0.000000 0.000000 -0.193843 -18.284380 -0.019145 -46.049850

-0.005983 -0.318487 -0.203415 -22.367540 0.002393 -46.866480
-.0.017948 -1.135117 -0.201022 -25.225740 0.021538 -47.683110
-0.025128 -1.543431 -0.195039 -25.552401 0.045469 -48.499740
-0.059828 -2.768378 -0.195039 -26.450690 0.063418 -49.316370
-0.102904 -5.218274 -0.185467 -30.533850 0.068204 -49.724690
-0.108887 -5.96957S -0.153160 -34.617010 0.070597 -50.084010
-0.117263 -6.361558 -0.126835 -38.700170 0.076580 -50.133010
-0.131522 -6.851536 -0.076580 -42.783320 Bottom
-0.149570 -10.118060 -0.051452 -44.163430
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TABLE A-26. TIME VS. BREAKOUT POSITION DATA, SHOT E693, READING 2 FOR
50.S7 mim DIA. CAST COMP B WITH 12.66 nim THICK STEEL COLLAR
AT END

"Time (gs) X (mmý Time qLs) X (mm) Time (ts) X (mm)

Top -0.238848 17.055940 -0.241237 34.609920
0.000000 0.000000 -0.241237 17.464170 -0.238848 35.018150

-0.002388 0.318421 -0.241237 17.872400 -0.236460 35.426390
--0.010748 0,726653 -0.246014 18.280640 -0.236460 35.834620
-0.020302 1.134885 -0.250791 18,688870 -0.234071 36.242850
-0.026273 1.543117 -0.255568 19.097099 -0.231683 36.651080
-0.039410 1.951350 -0.250791 19.505330 -0.229294 37.059320
-0.068964 2.359582 -0.25556e 19.913570 -0.224518 37.467550
-0,060906 2.767e14 -0.2567C2 20.321800 -0.222129 37.875780
--0.068072 3.176046 -0.257956 20.730030 -0.219741 38.284010
--0.078820 3.L84278 -0.257956 21.138260 -0.219741 38.692240
-0.088374 3.992510 -0.256762 21.546490 -0.216158 39.100470
-0.096534 4.400743 -0.256762 21.954730 -0.212575 39.508710
-0.102705 4.808975 -0.261339 22.362960 -0.207798 39.916940
-0E109870 5.217207 -0,261539 22.771190 -0.204215 40.325170
-0.119424 5.625439 -0.261539 23.179420 -0.199438 40.733398
-0,123007 5.829555 -0.260345 23.567660 -0.1.95856 41.141640
-0.131367 6.262281. -0.26C345 23.587.60 -0.192273 41.549070
-0.131367 6.441903 -0.261539 24.404120 -0.188690 41.958099
-0.138532 6.850135 -0.265122 24.812350 -0.182719 42.366330
-0.143309 7.258367 -0.267510 25.040960 -0.179136 42.774570
-0. 153.669 7.666600 -0.266316 25.351220 -0.171971 43.182800
-0.157640 8.074832 -0.267510 25.625820 -0.169582 43.591030
-0.166000 8.483064 -0.266316 26.037050 -0.163611 43.999260
-0.168388 C.a91296 -0.263927 26.445280 -0.162417 44.227870
-0.176748 9,299525 -0.262733 26.853510 -0.157640 44ý578950
-0.177942 9.707760 -0.261539 22.261740 -0.154057 44.815730
-0.181525 10.115990 -0.260345 27.669970 -0.148086 45.223960
-0.188690 10.524220 -0.260345 28.0'7821V -U.142115 45.632190
-0.193467 10.932460 -0,259151 28.486440 -0.136144 46.040420
-0,195856 11.3406SC --0.257956 28,894670 --0.131367 46.°48650
-0.198244 11.748920 --0.255568 29.302900 -0.123007 46.856880
-0.203021 12.157150 -0.256762 29.711140 -0.113453 47.265120
-0.206604 12.565390 -0.255563 30.119370 .-0.106287 47.673350
-0.210187 12.973620 -0.255568 30.527599 -0.094345 48A081580
-0.216158 13.38185U -0.253179 30.935830 -0.088374 48.489820
-0.218546 13.790080 -0. ... q5 31.344060 -0.076431 48.898050
-0.219741 14.198310 -0.2 ... ' 31.752300 -0.066878 49.306280
-0.220935 14,606550 -0.249596 32,!.G0530 -0.054935 49.714510
-0,223323 15.014780 -0.248402 32.568760 -0.047770 50.122740
-0.228100 15.423010 -0.248402 32.976990 -0.035827 50.530980
-0.230489 15.831240 -0.247208 33.385220 Bottual
-0.230489 16.239480 -0.24482u 33.793460
-0.234071 16.647710 -0.243625 34.201690
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Figures A-I to A-5 are single xecord readings of the (Z,X)

data from each experiment. The Z positions were obtained by

multiplying (t-t 0 ) data by the detonation velocity (see Equation

2) for that charge diameter.
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APPENDIX B

ERROR ANALYSIS

This appendix outlines the error analysis used for this

work. A general treatment of errors is given in the first

section. Specific examples of errors in trace angle, detonation

wave angles at the edge of the charge, times of arrival of

detonation wave at the curved surface, and the placement of marks

at specific angles on the curved surface are treated in the

following sections.

GENERAL TREATMENT OF ERRORS

The error in a quantity is the uncertainty in its

measurement. The value of a quantity may depend on several

parameters. Each of these parameters is uncertain to some

degree. To estimate the total uncertainty in the quantity

requires a prescription for calculating the error which includes

the propagation of errors. The present error analysis gives such

a prescription which depends on obtaining analytical expressions

of the error in terms of known parameters. The analysis is based

on a book by Yardley Beers. 6"

To avoid confusion some definitions are in order. The two

main typps of errors normally encountered are systematic and

experimental (random). Systematic errors are usually caused by

errors in calibration of equipment, experimental variation of

external conditions such as room temperature, personal errors and

imperfect techniques. Experimental errors are caused by

judgement or ability to read an instrument the same for a number

of readings, fluctuating conditions such as line voltage, etc.

8-1



NSWCDD/TR-92/164

These random errors are distributed around a "most probable"

value which is to be the average deviation rather than the

standard deviation in this report. The standard deviation is

1.25 times the value of the average deviation. 6 1

The errors are reported in the shorthand form 'If ± e" where

E is the average deviation of f. The probability that f is

between f ± E is 57 percent; f ± 26 is 89 percent; and f ± 3e is

98 percent.

For independent erruo there is a possibility of

compensation among the various contributions, It is expected

that the total error will be algebraically less than the sum of

the separate contributions. Combining the separate contributions

is done by taking the square root of the sum of their squares

(hereafter called SRSS) which has the correct compensating

property. The rule for combining random (experimental) errors is

ax f 2c =(-~e(B-i)

where f F(x,y), x and y are the independent measured

parameters. The function f can depend on any number of

parameters. The choice of only two parameŽters for Equation (B-1)

is made only for illustrative purposes.

Nonindependent errors combine algebraically because

compensation among the various contributions is not likely.

Therefore,

Xf L 3
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When both independent and nonindependent errors, Ei and eni

respectively, are encountered the total error is found by taking

the SRSS of both separate contributions to give a total estimate

of error for that particular parameter.

22

-2 n + Cni (B-3)

From a set of measurements of a parameter, the best value

available is the average value. The error associated with this

average value is not the average of the deviations from this

average value but is the average of these deviations divided by

the square root of the number of measurements. In other words,

the precision improves in proportion to the square root of the

reciprocal of the number of measurements in the sample set.

Fitting data to a straight line is encountered frequently.

It is useful to review how to evaluate errors, for such fits. A

straight line is given by

y = a + b x (B-4)

where a is the intercept, b is the slope and x,y are the

rectilinear coordinates. Y. Beers"1 gives the formulas for

calculating the best least squares fit for a and b assuming all

the error is in y.

In practice, the streak record is read a number of times and

the average value from these various least squares fits is used

for determining the magnitude of b. The average deviation from

the least squares fit for slope b is given byB-1
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2 _ (y (B-5)

(1.25)2 (k--2) [kO 2 ,x)j

and

where 6yn Yn (a + b xn), I means to sum over all n, and k is

the total number of x,y pairs. This statistical random error in

a and b can be obtained from the least squ.ares fitting routine.

To determine the total random error in b, the average

deviation from the average is calculated and combined, using the

SRSS rule, with the average deviations of th' least squares

fitted parameter (i.e., Equation (B-5)).

ERROR IN TRE TRACE ANGLE

The trace angle error on a streak camera film is the largest

contributor to the total error in deteimining the angle that the

detonation wave makes with the edge of the charge. A detailed
discussion on the systematic error in trace angle F (see Figure

B-l) is given here.B-2 Estimates of the systematic errors in

determining trace angles on the camera records are similar to

those of DubovikAB- 3 There are four separate contributions to

this error: (1) the film alignment in the reader instrument, (2)

the fuzziness of the trace, (3) the reader instrument accuracy,

and (4) the spatial resolution. Each is treated as independent
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of the other, which is not strictly true. However, this is a

reasonable assumption to make since the sole purpose is to obtain

a reasonable estimate of the error.

The first contribution to the systematic error in F is due

to the alignment of the film parallel to the time axis for

reading. This error EA is 5 0.001 radian based on a accuracy of

±0.1 mm per 100 mm which can be realized in practice. This error

is very small and will be ignored.

The second and largest contribution to the systematic error

in F is due to the fading and fuzziness of the trace, which

depends on the camera slit width and response of the film to

different exposure times. The recording of the motion of an

opaque plane moving at a constant speed parallel to the slit

plane (along the length of the slit) results in a cut-off of the

light to the camera. The cut-off is not recorded as a sharp loss

of light because of the finite width of the slit and diffraction.

Rather, it is a line of some width made up of many thin lines

each at different optical densities and at an angle F to the

space axis (y) of the film. The optical density of the broad

line varies from high to low density in the direction of

"thecamera sweep (i.e., i±Ceasing time). The geometry or the

envelope of lines is shown in Figure B-1.

An analytical expression for the systenmatic error in F due

to trace fuzziness cai, w sily be dtrived froim the geometry,

resulting in

CT = SW sin F/(S-SW cos F) (B--6)

where St is the ca,-)a slit width, I' is Che angle cf the trace,

and S is the trace length. Bote that since c T is a small number,
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the approximation of tan eT - CT was used in deriving Equation

(B-6).

It should be emphasized that the above analysis for the

error in r is a pessimistic one. The analysis was limited to the

error between two data points while the actual measurement of the

angle typically results from several data points which are least-

squares fitted to a straight line. The least-squares fitting of

the data reduces the measuring error. In addition, placing the

film reader's hairlines on film coordinates of about the same

optical density reduces the trace width to less than the slit

width. To compensate for these factors, personal judgment must

be used. A reduction of one-third of the error given by Equation

(B-6) is used as a reasonable estimate. Therefore, the error due

to trace fai-S .... tf =T/.

The third contribution to the systematic error is due to the

accuracy of the Vanguard analyzer in determining r. By assuming

this error (Ec) can be assigned to one reader variable, then

Equation (B-6) is applicable. The slit width SW in Equation

(B-6) is replaced by the smallest distance measurable by the

Vanguard analyzer (0.005 mm). A typical error Ec is 0.001 radian

for r = 0.998 rad and S = 3 mm.

The fourth contribution to the systematic error is due to

the spatial resolution. The smallest distinguishable spatial y

distance on the film was about 0.03 mm for the camera in a

simulated experimental setup. Treating this uncertainty as

independent of the others, an expression for this error becomes

e ( 0.03 mm) "cos r (B-7)
S
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The typical contribution for this systematic error is 0.005

radian when S = 3 mm and r = 0.998 radian.

The various contributing errors in determining the angle r

for a straight line on the film are given in Table B-1. The

values used here are for evaluating the error in a discussed in

the next section. It is obvious by comparing the typical

contributions given for each factor that the largest systematic

error is due to the fuzziness of the trace E f. Note that the

total error Cr in 1Y is the SRSS of the independent systematic and

experimental (random) errors.

ERROR IN THE DETONATION WAVE ANGLE AT THE EDGE OF THE CHARGE

The detonation wave angle a at the edge of the charge for

steady waves is depicted in Figure B-2, where a is related to the

angle F on the film by

tan a = tan F uC/(Mf D) (B-8)

and D is the detonation velocity, F is the corresponding angle on

the film, Mf is the image to object magnification on the film,

B-3



NSWCDD/TR-92/164

~~U.

zz

z
0

B-9



NSWCDD/TR-92/164

TABLE B-i. ERROR IN ANGLE r ON FILM*

LSQ fit** Random** Total
Er c I ESR er

(rad) (rad) (rad) (rad) (rad) (rad)

0.0044 0.0062 0.001 0.005 0.020 0.022
*For F = 57.1", S = 3.0 mm and SW = 0.2 ram

**Cr COS 2 (F) etan(r) D DM cos(r) etan(a)
uc
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and uc is the camera speed. Taking the differential with respect

to the variables on both sides of Equation (B-8) and following

the general treatment for errors of Equation (B-1) results in t1le

following expression for total error in angle a

2 _ sin2 (2cc) H 2 er )I + ( euc)2 + ( IEMI)l + (f')2] (B-9)
4 sin(2r) UC Mf D

Determination of the error in c. was given in Section B-2.

Table B-2 gives the values for the various parameters required to

evaluate ca. To illustrate the magnitude of E,,, the parameters

for the wave curvature experiment (see Table I in main text) with

the 48.12 mm diameter PBXN-111 charge were used. Table B-2

clearly shows that the major contributor of error in a is in

determining the trace angle r.

Note that there is a practical limit to the length of the

trace (S) which can be least squares fitted to a straight line

since the trace on the filTn is, --ivrx.rPr1- The data are fitted to a

straight line equation (first order polynomial) and a second

order polynomial. It was found that a S of 3 mm can be fitted by

straight lines before the curvature significantly affects the

result.
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TABLE B-2. ERROR IN DETONATION WAVE ANGLE a AT EDGE OF CHARGE

2 D c I Ca2 pD•- u lit
sin (2P) D uc I

(rad)
(rad)

0.048 0.01 0.006 0.005 0.020
* a = 61.930
**Total Er from Table B-I
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ERROR IN TIME BETWEEN TWO POINTS ON A CURVED LINE ON FILM

A line on the film is exposed to light for a time equal to

the slit width divided by the camera speed, The sharpness of the

line's edge is a function of the amount of light reaching the

film, diffraction, and film response. The discussion on how the

line is put on the film -,!as presented earlier. It is still

reasonable that the measuring instrument can be placed at the

same line density for botn points which reduces this contý-ibuting

error by one-third. Therefore, the systematic error due to

fuzziness of the trace in reading a point x on the film is given

by

C x2 = M2 ( SW)2 + (Ce) (B-1))

where e. is the error (0.05 mm) of placing the crosshairs of the

Vanguard reader on a point on the film. Note, that -n principle,

the total error cEv would be the SRSS of Equation (B-10) and the

experimental error. However, the experimental error is

negligible in this case.

The time difference between two points along a curved line

on a streak camera record is defined by the following expression.

dt = ci - to = (xi - Xof) /u, = (X1, - x.') / (u~ M,) (B-11)

where x1f is a location on thr film and x1v is the corresponding

location on the film in record analyzers coordinates. The error

in dt can be determined by taking the differential of
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Equation (B-li) with respect to the variables and using Equation

(B-i) which results in the following expression

edt = (2( ý-v )2 + dtz( 12)2 + dt 2  ) (B-12)u1 M11U

Recall that the errors in e.1 and EX0 have tne same magnitude

which results in the factor of 2 in Equation (B-12) for the cXV

term0  Table B-3 gives the representative values for the corner

turning experiment D of Table 2. It is clear that the dominant

error is in the e×v term.

The error in dt for a wave arriving at the curved surface in

a corner turning experimental is calculated by taking the SRSS of

edt from Equation (B-12) and c R/USI where U. is the wave speed.

ERROR IN ANGLE ON CURVED SOLID BOWL SURFACE ON CORNER TURNING

EXPERIXENTS

Figure B-3 shows a schematic of the solid bowl with the

angle 0 marked. A line perpendicular to the camera's slit plane

was drawn with a black ink pen on the reflecting Teflon tape

attached to the solid bowls curved surface. This line does not

allow much light to reflect back to the camera resulting in a

distinct line on the streak film. These lines are placed at

specific angles on the curved surface. The relation between the

ngle 0, the height from the top of the bowl h, and the radius of

curvature of the surface R is
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* , (R. 8)

RP 80

PBXN-111

50.8 reim

PENTOLITE PBXN-111 ORCOMPB 50.8 mm
PWR rYt•lfJnlrAI AnnTrfA:A-

(50.8 mm DIA., (50.8 mm DIA.,
50.8 mm LONG) 152.5 mm LONG) ff-WOOD BAFFLE

FIGURE B-3. DETONATION WAVE CORNER TURNING EXPERIMENTAL ARRANGEMENT
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TABLE B-3. ERROR IN DIFFERENCE OF TIME dt BETWEEN TWO POINTS
ON THE FILM*

SW M xv _M-_ Edt

3 xv *4
(mm) (ks)-

(mr.) (mm)

0.236 0.05 0.241 0.006 0.005 0.019

* For dt = 0.2 /is, uc = 5mm/ps, SW = '.2 mm, and Mv =3.54
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cos 0 1- h (B-13)R

The error in 0 is found by taking the differential of

Equation (B-13) with respect to all the variables and using

Equation (B-i) results in the expression for the error of

2• 1sn@ [(~) 2 + (R) sin 0
e8 =-;7 sin 2 ] (B-14)

= ýjTe R R

A typical error in 0 J.s given in Table B-4 along with the

parameters required to evaluate the error. The systematic error

in h is from two sources. The first is the ac-c-1ra cy of the

height gauge which is ± 0.009 mm (i.e., one-third the smallest

division) while th? second is the uncertainty in h due to the

line width marked on the charge. This error is less than one-

third of the lines width times sin 0. Therefore, the error in h

is given by

C' = (0.009)2 + (0.133 sin 0)2 (B-15)

where Eh is in mm. The error in the radius R is found by
measuring the curvature with a circle gauge and by fitting the

marker line's height and spacing on the curved surface to the

best R. The error in R on these charges was less than 0.10 mm.
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TABLE B-4. ERROR IN ANGLE 8 OF CORNER TURNING EXPERIMENTS*

Ch CR Ee
R R

(rad)

0 003 0.002 0.003

* For angle 0- 45°, and R-- 50.4 mm
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